Abstract : We address the depth of focus enhancement in hybrid imaging systems, including a phase mask and a deconvolution filter. A final image quality criterion is introduced to optimize and compare different masks.
Introduction
In a classical imaging system, the object is imaged on a sensor by an optical system which should provide an image as good as possible. A post processing step can then be implemented, but the optimization of the optics and the post processing is done separately. In an hybrid imaging system, the optimization of the optics and the post-processing step is performed jointly, and the post processing can correct some aberrations of the optics. By introducing a phase mask into the optical systems, we can obtain an imaging system with a point spread function (PSF) insensitive to the defocus for a given range of object positions. This blurred image is then post processed in order to recover its quality.
Several phase masks can extend the depth of focus, such as the cubic [1] or the exponential phase mask [2]. They depend on parameters that are optimized with respect to an aimed application. In order to optimize them and to compare their performance, we recently proposed a criterion based on the image quality [3] after the post-processing step. This optimization results from a compromise between two antagonistic effects: the variation of the PSF with respect to defocus, whereas the deconvolution filter is unique, and the noise enhancement due to deconvolution, which increases as the imaging system has a low spatial band pass behavior. With usual phase masks, the more invariant to defocus the PSF is, the more they degrade the performance after the post processing.
Definition of the optimization criterion
We proposed an image quality criterion [3] in order to optimize the parameters of depth of focus enhancing phase masks. It is based on the mean square error between an object ) (r O and its estimate ) ( r O . The image ) (r I ψ of the object through an optical system at a defocus ψ is:
where ) (r n is the detection noise and ) (r h ψ the point spread function of the optical system for a given defocus ψ given by ( )
with R the radius of the aperture, and f , O d and I d respectively the focal length, the object distance and the image sensor plane distance, and the symbol * refers to the convolution operation. The amount of noise in the scene is quantified by the input SNR defined as:
The estimate of the object is obtained through a linear deconvolution filter ) (r d , and is equal to 
where the symbol ∼ refers to the Fourier transform and ν denotes the spatial frequency.
ψ MSE is a sum of two terms: the first one results from the inadequacy of the deconvolution filter with the actual PSF, since the PSF varies with the defocus, and the second one is the error due the noise enhancement by the deconvolution filter.
The criterion is based on the MSE averaged over the desired defocus range
The deconvolution filter is calculated to minimize 
and depends on the object spectral content. However, the use of a generic deconvolution filter do not change significantly the image quality compared to the deconvolution filter suited for a given scene.
The proposed image quality criterion is the output signal to noise ratio (SNR), which depends on mean MSE calculated with m n > defocus values :
Optimization of different phase masks
Thanks to the proposed criterion, the parameters of the different phase masks are optimized, and it is possible to compare them, according to the noise of the sensor and the desired depth of focus where the imaging system should provides good image quality. In the following, we will consider a desired depth criterion, a better image quality can be achieved using this exponential phase mask than with the previous cubic one, as shown by the images calculated for several defocus in Fig. 3 . It can be noticed that the mean SNR criterion is correlated with the visual perception: the exponential phase masks introduces less artefacts than the cubic one. 
Conclusion
We defined an optimization criterion that can consider the non-invariance of the PSF and the noise enhancement induced by deconvolution process. This criterion allowed to characterize the performance of depth of focus enhancing masks, and has an effective correlation with the visual perception. So that it can be used to optimize the parameters of the masks and to compare them.
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